The influence of crystallographic orientation, contact size and surface roughness effects on incipient 15 plasticity in tungsten were investigated by nanoindentation with indenters with a range of end radius 16 (150, 350, 720 and 2800 nm) in single crystal samples with the (100) and (111) orientations. Results 17 for the single crystals were compared to those for a reference polycrystalline tungsten sample tested 18 under the same conditions. Surface roughness measurements showed that the Ra surface roughness 19 was around 2, 4, and 6 nm for the (100), (111) and polycrystalline samples respectively. A strong 20 size effect was observed, with the stress for incipient plasticity increasing as the indenter radius 21 decreased. The maximum shear stress approached the theoretical shear strength when W(100) was 22 indented using the tip with the smallest radius. The higher roughness and greater dislocation density 23 on the W(111) and polycrystalline samples contributed to yield occurring at lower stresses. 24
Tungsten (W) is a technologically important BCC metal with potential applications in the next 59 generation of nuclear reactors, being a favoured choice for plasma-facing components in fusion 60 reactors [1] [2] [3] . ISO:14577 specifies that W being very close to elastically isotropic (Zener anisotropy 61 ratio is 1.01) while having a high elastic modulus makes it an important reference material for 62 indirectly calibrating nanomechanical test instruments due to its high sensitivity to the instrument 63 frame stiffness. It has the highest melting point of all the metals and its high temperature 64 nanomechanical behaviour is beginning to be explored [4] . However, as yet relatively little attention 65 has been given to the influence of crystallographic orientation, loading rate and surface roughness, 66 and how these might influence size effects in incipient plasticity and hardness at the nano-/ and 67 micro/-scale [5] . 68
During nanoindentation, both BCC and FCC metals can show displacement bursts that are 69 known as "pop-ins" [6] [7] [8] . Typically in BCC metals such as W, Cr, Mo and Ta, a single yield event 70
is observed while for close packed metals multiple pop-in ("staircase") behaviour is more common
Experimental 124

Materials 125
Two high purity polished tungsten single crystals and a high purity polycrystalline tungsten certified 126 reference sample were tested. The sample with (100) orientation was provided by KRISS (Korea), 127 originally for the VAMAS TWA22 Intercomparison on nanoindentation, being supplied by 128 Goodfellow (USA) and polished by KRISS. The sample with (111) orientation was supplied by 129 Goodfellow (UK) and was of thickness 2 mm and diameter 6 mm, and was polished on one side to 130 The tungsten samples were tested as-received and no further attempt was made to modify surface 138 roughness or near-surface defect density by further polishing or annealing steps. Surface roughness 139 was measured over a line profile using the Surface Topography option in the Scanning Module of 140 the NanoTest using (i) a spheroconical diamond probe with a nominal end radius of 5 microns (the 141 actual end radius was separately determined as 4 microns) (ii) a well-worn Berkovich indenter with 142 an end radius of 1 µm. Surface roughness of the single crystal samples was also measured at the 5 143 µm x 5 µm scale by AFM (NanoSurf Nanite B). Table 1 summarises the surface roughness data. 144
The AFM images revealed the presence of very fine polishing marks on the surface of the (111) 145 oriented W which were absent on the (100) oriented W. 146 147 148 Line scan with R = 1.0 m diamond (over 10 m length)
Line scan with R = 4.0 m diamond (over 10 m length) W(100)
1.4 ± 0.6 2.0 ± 0.3 2.3 ± 0.5 W(111) 4.0 ± 0.7 3.1 ± 0.4 5.5 ± 1.6 Polycrystalline W Not measured 5.5 ± 1.4 6.9 ± 2.1 151
Nanoindentation 152
Nanoindentation testing of the tungsten samples was performed with a commercial nanomechanical 153 test instrument (NanoTest Platform 3, Micro Materials Ltd., Wrexham, UK) which had been 154 calibrated in accordance with the ISO 14577-4. The polycrystalline W was used to determine the 155 frame compliance of the instrument which was confirmed by measurements in other reference 156 metallic samples. The end radii of the diamond indenters were calibrated by fully elastic 157 nanoindentation measurements into fused silica and sapphire reference samples. Three of the 158 indenters used were Berkovich indenters of different end radius and one was spheroconical 159 diamond with a nominalend radius of 5 µm. The fused silica was a nanoindentation intercomparison 160 reference sample (obtained from KRISS, Korea) with a nominal elastic modulus of 72.5 GPa and 161
Poisson's ratio of 0.17. Its elastic properties were separately cross-checked against those of a 162 certified sample (JGC-105, NPL DataSure-IIT reference block) and were found to be consistent to 163 well within 0.5 %. The sapphire was a single crystal with (001) orientation (an intercomparison 164 reference sample from the EU "Nanoindent" project supplied by Roditi, UK). The end radii were 165 150, 350, 720 and 2800 nm. 166
The loading conditions for the four indenters are summarised in Table 2 . 167 168 Measurements were also performed with the indenter with end radius R = 350 nm over the load 185 range 10-500 mN where it has the Berkovich geometry. The loading rate was 10 mN/s, the 186 unloading rate was 20 mN/s and the hold at peak load was for 30s. Additional tests were run with a The critical load for pop-in on W(100) varied with the indenter radius as shown in Figure 2(a) . The sample with the (111) orientation showed a tighter distribution. After pop-in, the hardness from 246 the unloading curve analysis was lower than the mean pressure in the contact area at pop-in. 247
Analysis of post-yield unloading curves showed the W(111) and polycrystalline tungsten samples to 248 have consistently higher hardness than the W(100) as summarised in Table 4 (a-d). 249 The elastic moduli of all three samples were very similar, with the polycrystalline sample being 264 typically ~3 % stiffer. The measurements at higher load confirmed the expected ISE upon hardness 265 for all three samples but not depth dependence of their elastic properties. There was a linear 266 relationship between H 2 and 1/h over the depth range of the 10-500 mN data so they were analysed 267 with a Nix-Gao [18] plot using the formula 
Discussion 276
Marked crystallographic and contact size effects on the incipient plasticity of tungsten were found 277 in this study. Surface profilometry measurements and indentations to higher loads were used to 278 provide relevant information regarding the surface roughness and conventional size effect upon 279 hardness of the samples. Across the entire load range of the instrument used (0-500 mN), the 280 unloading curve data showed constant elastic modulus, consistent with the literature value (Er = 321 281
GPa; E = 411 GPa) with the surface roughness increasing the variability at low indentation depth. Kim et al. [23] suggests that the characteristic length can be under-estimated in the standard Gao treatment unless roughness is taken into account. For the Ni surfaces, they tested and found 295 that the under-estimations were around 70 nm for surfaces with Ra= 3.2 and 8.7 nm. If similar 296 behaviour of tungsten samples used in this study is assumed, the characteristic length of the 297 polycrystalline sample becomes very close to that of W(100), but its difference with that of W (111)is increased. 299 Significantly higher critical loads for pop-in were found for W(100) than for W(111), 300 consistent with previous observations by Yao et al [1] . With an indenter of R = 675 nm, Yao et al [1] 301 reported critical loads on electropolished W single-crystals of the order of 7 mN and 2.5 mN for 302 W(100) and W(111) respectively, corresponding to median shear stresses at pop-in of around 21 and 303 14 GPa. On Ta, the increase in pop-in load on (100) compared to (110) and (111) mechanics assumes an ideally flat surface which is however not a practical reality. Although all the 317 tungsten samples were highly polished, Table 1 shows there were differences in surface roughness 318 with the W(111) and polycrystalline W being rougher than the W(100). With an increase in surface 319 roughness, the pressure on the surface of the asperities will be higher than that predicted by the 320 Hertzian treatment (which assumes an initially flat surface) so that although the apparent pressure at 321 pop-in is lower for rougher surfaces the real pressure may be significantly higher, as has been 322 shown in MD simulations of thin copper coatings [26] . 323
In tests on annealed and electropolished tungsten with spherical diamonds with end radii of1 and 13.5 µm, Pathak et al. [12, 14] drops more rapidly with increasing R due to the increasing possibility of encountering pre-existing 340 defects. The model does not consider surface roughness and it seems likely that this will also 341 contribute to the observed size effect. Knap and Ortiz used multiscale simulations to investigate tip-342 radius effects during nanoindentation of Au(001) with 7 and 70 nm indenters [27] . In their 343 simulations, they found that the dislocation activity occurred before any deviation in the force curve 344 was observed. If a similar trend is also found for BCC metals and continues to larger indenter sizes, 345 then the maximum shear stress-radius dependence would be even larger than has been reported in 346 experimental studies to date. 347
In the experiments on tungsten performed in this work, there was no discernible rate 348 dependence over 25-200 µN/s in either the stochastics of the pop-ins or the mean load value. 349
Although stress-based thermally activated dislocation nucleation is expected to result in the onset of with a tip of ~50 nm end radius, finding much lower critical loads for less highly polished surfaces. 369
In interfacial force microscopy on a passivated gold surface the critical load for pop-in was reported 370 to be 30-45 % lower near a step than in defect-free regions [31] . In a molecular dynamics study of 371 the influence of surface roughness on nanoindentation, it was reported that defects typically initiate 372 at the side of an asperity [26, 32] . 373
The pop-in events were much less pronounced for the W(111) and polycrystalline tungsten 374 samples, with the yield event being more commonly associated with a smaller displacement burst 375 followed by further small periodic events as the load increased. In addition to the roughness effectdescribed above, this appears to be partially due to higher dislocation density in these samples 377 causing an increase in the hardness. Studies have also shown that higher pre-existing dislocation 378 density lowers the critical load for pop-in. In high-purity aluminium, a reduction in probability of 379 pop-in was observed when dislocation density increased [33] . In MgO indented with a 9.5 µm tip, 380
Montagne et al. [29] noted the contact was elastic up to a load of 300 mN when there were no pre-381 existing dislocations but reduced nearly to zero for a pre-existing density of 1.2 x 10 7 cm -2 . There 382 are differences in the distributions of cumulative probability of the critical load for pop-in between 383 the samples (Figure 3) . The extent of dispersion in the first critical load on the FCC Al has been 384 reported to widen with a reduction in roughness [8] . Figure 3 shows that similar behaviour can be 385 seen in W(111). While the average surface roughness is higher on the polycrystalline sample, there 386 are smoother regions so that when indentations are made into these regions the data can more 387 closely approach that obtained from the W(100), but if measurements are made in rougher regions 388 the corresponding critical load is much lower. Yao et al. [1] reported a reduction in critical load for 389 pop-in on W after D-implantation and Biener et al [9] reported a complete suppression on Ta(001) 390 after ion energy ion bombardment. In studies such as these, it is not yet clear how much of the 391 reduction in pop-in is due to surface roughening and how much is due to higher pre-existing 392 dislocations in the near-surface layers of the tungsten. While they are to some extent interlinked, 393 further work on ion-irradiated samples may help to more fully deconvolute these effects. 394 395
5.Conclusions 396
The results being reported in this work confirm the statistical nature of incipient plasticity in the 397 nanoindentation response of tungsten over a wide range of conditions. Indenter radius (and 398 therefore contact size), surface roughness and crystallographic orientation were varied during the 399 experiments. The conclusions can be summarised as follows: 400 1. A strong size effect was observed, with the stress for incipient plasticity increasing as the 401 indenter radius was decreased. The maximum shear stress approached the theoretical shear
